Introduction {#S0001}
============

Lung cancer is the leading cause of cancer-related mortality worldwide \[[@CIT0001]--[@CIT0003]\]. Although survival rates can be improved by intensifying radiotherapy \[[@CIT0004]\], attempts at dose escalation are limited by radiation damage to the normal lung in the form of radiation pneumonitis. The incidence of pneumonitis depends on the volume of the normal, functioning lung that has received ≥ 20 Gy of radiation (FV20) and the mean lung dose (MLD), with the risk of pneumonitis being greater than 10% when FV20 exceeds 30% \[[@CIT0005]--[@CIT0007]\]. Joao Seco *et al*. found that protons generate larger high-dose regions than photons because of range uncertainties \[[@CIT0008]\]. Single-photon emission computed tomography (SPECT) with Tc-99m macroaggregated albumin can depict the spatial distribution of lung perfusion, which has been shown to be proportional to lung function. This functional information has been used to identify normally functioning lung tissue when planning intensity-modulated radiation therapy (IMRT) for lung tumors \[[@CIT0009], [@CIT0010]\]. Compared to three-dimensional conformal radiotherapy (3D-CRT), IMRT planning using SPECT data could enhance the sparing of normal tissue and reduce the MLD \[[@CIT0011]\]. Step-and-shoot and sliding-window IMRTs, the currently used IMRT techniques, can be used for inverse planning only after the number of beams and beam angles have been manually set. Studies on the quality of IMRTs with different beam arrangements have yielded inconsistent results \[[@CIT0012], [@CIT0013]\]. Many authors believe that using fewer beams may be beneficial in preserving perfusion of the normal lung \[[@CIT0014], [@CIT0015]\], a factor that has recently been implicated in acute radiation pneumonitis \[[@CIT0016], [@CIT0017]\]. Li-Jie Yin *et al*. found that PET-CT allows a better distinction between the collapsed lung tissue and tumor tissue, improving the accuracy of radiotherapy target delineation, and reducing radiation damage to the surrounding organs at risk (OARs) in non-small cell lung cancer (NSCLC) patients with atelectasis \[[@CIT0018]\]. We used SPECT to evaluate lung perfusion before IMRT, and could direct the radiation away from functioning lung tissue and other organs such as the heart, spinal cord and esophagus, while maintaining target coverage in 10 randomly selected lung cancer patients. We also assessed whether the appropriate selection of the number of beams could further improve functional lung sparing while maintaining target coverage.

Material and methods {#S0002}
====================

Patient population and ethical concerns {#S20003}
---------------------------------------

The study protocol was approved by the ethics committee of our hospital. The study involved 10 patients who were scheduled to undergo radical radiotherapy for stage I--III non-small cell lung cancer (NSCLC), between December 2009 and October 2010. Six patients were men and four were women. Their median age was 61 years (range, 42--80 years).

Imaging and image co-registration {#S20004}
---------------------------------

Computed tomography (CT; Biograph 16-PET/CT, Siemens, Erlangen, Germany) simulations were performed using 5-mm-thick axial slices, with the patients immobilized in a supine position with vacuum bags. CT image acquisition was performed using the following parameters: 120 kV and 160 mA. SPECT images depicting lung perfusion were obtained using a scanner equipped with double head detectors (Philips Forte, the Netherlands), following the intravenous administration of macro-agglomerated human serum albumin tagged with the radionuclide ^99m^TC (^99m^TC-MAA; Victor Medical Co. Ltd., Australia). The SPECT data were acquired using step-and-shoot motion at 6° intervals on a 128 × 128 matrix (pixel size, 4.42 mm) over 360° (each head rotating through 180°). All scans were obtained during free breathing, and had sufficient coverage to include the total lung volume. Five points marked with metal crosses in the same place were used, and the CT and SPECT scans were co-registered manually in the Pinnacle3 planning system. Use lung perfusion fused imaging simulation CT plan. The entire lung was divided into functional and non-functional parts, and SPECT lung perfusion images were used to plan IMRT. The gross tumor volume (GTV) was contoured to include the primary tumor and lymph nodes that had a diameter \> 1 cm, and the planning target volume (PTV) was created by adding a uniform, 1--2 cm margin around the GTV. We planned to deliver a dose of 60 Gy to 95% of the PTV. The radiotherapy plans were assessed using dose-volume histograms (DVHs) with isodoses and conformity index (CI). The FV20 was ≤ 20%. The volume of the spinal cord that received a dose of \< 45 Gy and of the heart that received a dose \< 40 Gy (V40) was less than 30%.

Radiotherapy planning {#S20005}
---------------------

In the current study, we administered step-and-shoot (static), fixed-field IMRT with a multileaf collimator integrated with an Elekta linear accelerator (Elekta Limited, Stockholm, Sweden). IMRT was planned using a Pinnacle 9.0 treatment planning system, with 6 MV x-ray beams. Four types of IMRT plans, namely, the seven-beam CT (CT-7) plan, seven-beam SPECT (SPECT-7) plan, five-beam SPECT (SPECT-5) plan and four-beam SPECT (SPECT-4) plan, were generated with coplanar beams ([Figs. 1](#F0001){ref-type="fig"}--[3](#F0003){ref-type="fig"}). These plans differed in terms of beam angles and number of beams. In the CT-7 plan and the SPECT-7 plan, seven equally spaced beams were used, and the most beneficial beams for right lung tumors were those at 0°, 40°, 160°, 200°, 240°, 280° and 320°; for left lung tumors, the most beneficial beam directions were 0°, 40°, 80°, 120°, 160°, 200° and 320°. The SPECT-5 plan involved five equally spaced beams; beams angled at 0°, 50°, 150°, 220° and 290° were used for right lung tumors, and those angled at 0°, 70°, 140°, 210° and 310° were used for left lung tumors. The SPECT-4 plan used four equally spaced beams angled at 30°, 160°, 220° and 330° for right lung tumors and at 30°, 170°, 240° and 330° for left lung tumors. The principal objectives of each plan were to minimize FV20 and dose variation within the PTV. The plans were prepared to administer 60 Gy in 30 fractions at the isocenter, using the 6 MV X-ray beam data; 95% of the PTV received the prescribed dose. The doses to the functional lung and the esophagus, spinal cord and heart were minimized.

![Example of a seven-beam radiotherapy plan for a patient with left lung cancer](WO-18-23780-g001){#F0001}

![Example of a four-beam radiotherapy plan for a patient with left lung cancer](WO-18-23780-g002){#F0002}

![Example of a five-beam radiotherapy plan for a patient with left lung cancer](WO-18-23780-g003){#F0003}

Comparison of radiotherapy plans {#S20006}
--------------------------------

The prescribed dose of each IMRT plan for each patient was normalized to 60 Gy, and the following parameters were compared between plans: CI, FV20, FV30, MLD, maximum dose delivered to the spinal cord and V40 of the heart. $$\text{CI} = \left\lbrack {\text{V}_{\text{PTV}{({\geq \text{p}})}}/\text{V}_{\text{PTV}}} \right\rbrack \times \left\lbrack {\text{V}_{\text{PTV}{({\geq \text{p}})}}/\text{V}_{\text{p}}} \right\rbrack$$where V~PTV(≥p)~ is the volume receiving ≥ x% of the prescribed dose, V~PTV~ is equal to the PTV and V~p~ is the coverage volume of the prescribed isodose line. The CI represents the dose fit of the PTV relative to the volume covered by the prescribed isodose line. The closer the value of CI is to 1, the better the conformity of the PTV.Target dose heterogeneity was assessed using a heterogeneity index (HI), as defined below:$${\text{HI} = \text{D}}_{\text{max}}/\text{D}_{\text{min}}$$

where D~max~ is the largest dose to the target coverage, and D~min~ is the smallest dose to the target coverage. The smaller the value of HI, the better the heterogeneity of the target coverage.

Statistical analysis {#S20007}
--------------------

Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS) 13.0 (SPSS, Chicago, IL). All data were analyzed using means and standard deviations. Parameters were compared between plans using a paired *t*-test. A *p* value \< 0.05 (two-tailed) was considered statistically significant.

Results {#S0008}
=======

The FV20 and FV30 values and the corresponding reductions obtained using the SPECT-7 plan versus the CT-7 plan in all patients are shown in [Tables 1](#T0001){ref-type="table"} and [2](#T0002){ref-type="table"}. In most patients, the values were better in the SPECT-7 plan than in the CT-7 plan, with an average reduction in FV20 and FV30 of 26.02% ±15.45% and 14.41% ±16.66%, respectively. In patients 6 and 7, however, the FV30 was higher in the SPECT-7 plan than in the CT-7 plan.

###### 

Functional Lung volume receiving ≥ 20 Gy (FV20) as a percentage of the total functional lung volume for the seven-beam computed tomography (CT-7) plan and the seven-beam single-photon emission CT (SPECT-7) plan

  Patient   CT-7 (%)   SPECT-7 (%)   Change (%)   \% Reduction[\*](#TF0001){ref-type="table-fn"}
  --------- ---------- ------------- ------------ ------------------------------------------------
  1         7.64       6.26          1.38         18.06
  2         6.6        5.32          1.28         19.39
  3         14.86      7.91          6.95         46.77
  4         12.44      12.51         --0.07       --0.56
  5         19         13.69         5.31         27.95
  6         18.28      14.06         4.22         23.09
  7         8.61       7.55          1.06         12.31
  8         13.33      6.98          6.35         47.64
  9         6.63       5.02          1.61         24.28
  10        8.07       4.74          3.33         41.26
            Average                  3.14 ±2.46   26.02 ±15.45

Reduction in FV20 in the SPECT-7 plan as compared to FV20 in the CT-7 plan

###### 

Functional Lung volume receiving ≥ 30 Gy (FV30) as a percentage of the total functional lung volume for the seven-beam computed tomography (CT-7) Plan and the seven-beam single-photon emission CT (SPECT-7) plan

  Patient   CT-7 (%)   SPECT-7 (%)   Change (%)   \% Reduction[\*](#TF0002){ref-type="table-fn"}
  --------- ---------- ------------- ------------ ------------------------------------------------
  1         2.41       2.2           0.21         8.71
  2         3.89       2.56          1.33         34.19
  3         3.31       3.11          0.2          6.04
  4         7.07       6.62          0.45         6.37
  5         8.64       6.28          2.36         27.32
  6         4.89       5.63          --0.74       --15.13
  7         3.19       3.23          --0.04       --1.25
  8         6.5        4.88          1.62         24.92
  9         3.23       2.74          0.49         15.17
  10        3.02       1.88          1.14         37.75
            Average                  0.70 ±0.91   14.41 ±16.66

Reduction in FV30 in the SPECT-7 plan as compared to FV30 in the CT-7 plan

Lung tissue dose {#S20009}
----------------

Dose-volume histograms of different plans are shown in [Figs. 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}. The lung doses and other radiotherapy parameters are shown in [Table 3](#T0003){ref-type="table"}. The FV5 value for the lung was highest in the SPECT-7 plan. The FV20 and FV30 values were lowest in the SPECT-7 plan. Thus, the SPECT-4 plan may be beneficial in lowering lung volumes receiving low-dose radiation, while the SPECT-7 plan may be beneficial in lowering lung volumes receiving high-dose radiation. The MLD was lower in the SPECT-4 plan than in the SPECT-5 and SPECT-7 plans; the MLD did not significantly differ between the SPECT-5 and SPECT-7 plans.

![Dose-volume histograms of seven-beam computed tomography (CT-7) and single-photon emission CT (SPECT-7) plans for the planning target volume (PTV; green lines) and the total lung volume (blue lines) of a patient with stage III non-small cell lung cancer](WO-18-23780-g004){#F0004}

![Dose-volume histograms of four-, five- and seven-beam single- photon emission computed tomography (SPECT-4, SPECT-5 and SPECT-7, respectively) for the planning target volume (PTV; green lines) and total lung volume (blue lines) of a patient with stage III non-small cell lung cancer](WO-18-23780-g005){#F0005}

###### 

Comparison of dose-related parameters between different radiotherapy plans

  Parameter         SPECT-4                                             SPECT-5                                              SPECT-7
  ----------------- --------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------
  FV5 (%)           26.56 ±10.25[Δ](#TF0003){ref-type="table-fn"} ^1^   36.84 ±11.31[\*](#TF0004){ref-type="table-fn"} ^1^   41.80 ±14.29[◊](#TF0005){ref-type="table-fn"} ^1^
  FV13 (%)          17.52 ±6.81                                         18.40 ±6.26                                          18.06 ±10.27
  FV20 (%)          10.60 ±3.40                                         10.14 ±3.63[\*](#TF0004){ref-type="table-fn"} ^2^    8.40 ±3.63[◊](#TF0005){ref-type="table-fn"} ^2^
  FV30 (%)          5.61 ±2.38[Δ](#TF0003){ref-type="table-fn"} ^2^     4.39 ±1.95[\*](#TF0004){ref-type="table-fn"} ^3^     3.91 ±1.77[◊](#TF0005){ref-type="table-fn"} ^3^
  MLD (Gy)          9.02 ±2.55[Δ](#TF0003){ref-type="table-fn"} ^3^     9.55 ±2.63                                           9.64 ±2.87[◊](#TF0005){ref-type="table-fn"} ^4^
  Cord max (Gy)     39.42 ±9.73                                         39.32 ±8.66                                          38.51 ±7.09
  Heart V~40~ (%)   6.47 ±10.24                                         7.04 ±11.55                                          5.85 ±10.19
  CI                0.77 ±0.61[Δ](#TF0003){ref-type="table-fn"} ^4^     0.86 ±0.03                                           0.87 ±0.05[◊](#TF0005){ref-type="table-fn"} ^5^
  HI                1.74 ±O.33                                          1.56 ±0.24[\*](#TF0004){ref-type="table-fn"} ^4^     1.44 ±0.11

All values are expressed as mean and standard deviation.

Compared to the five-beam single-photon emission computed tomography (SPECT-5) plan: t1,2,3,4 = --4.403, 2.659, --3.422, 4.307; p \< 0.05.

Compared to the seven-beam SPECT (SPECT-7) plan: t1,2,3,4 = --3.087, 3.681, 3.408, 2.498; p \< 0.05.

Compared to the four-beam SPECT (SPECT-4) plan: t1,2,3,4,5 = --4.409, 2.322, 3.433, --2.543, 6.503, 3.317, p \< 0.05.

Radiation doses in other organs {#S20010}
-------------------------------

The radiation doses in other organs are shown in [Table 3](#T0003){ref-type="table"}. The V40 for the heart and the maximum dose in the spinal cord did not significantly differ among the different plans.

Conformity index of planing target volume {#S20011}
-----------------------------------------

The CI significantly differed between the SPECT-7 and SPECT-4 plans and between the SPECT-5 and SPECT-4 plans, but not between the SPECT-5 and SPECT-7 plans. The conformity of the SPECT-5 and SPECT-7 plans was better than that of the SPECT-4 plan.

Discussion {#S0012}
==========

In 1995, Marks *et al*. \[[@CIT0019]\] first used SPECT to plan radiotherapy in order to reduce lung radioactive damage. They divided the lung into functional and non-functional parts on the basis of lung perfusion and formulated radiotherapy plans to minimize incidental irradiation of the functioning tissue. A SPECT-guided 3D-CRT plan reduces FV20 and FV30 values to a greater extent than conventional 3D-CRT \[[@CIT0020], [@CIT0021]\].

At present, IMRT technology is being increasingly applied in lung cancer treatments. We integrated SPECT lung perfusion into IMRT planning, by optimizing beam direction, and explored the differences in various parameters among IMRT plans involving different beam directions. The aim was to improve the target dose while reducing damage to the normal lung tissue.

Liu *et al*. \[[@CIT0022]\] found that in nine of ten patients, the FV5 for the lung was higher with fixed-field, dynamic IMRT than with 3D-CRT; however, this value could be reduced by decreasing the number of radiation beams. In addition to increasing the lung volume receiving low-dose irradiation, a large number of beams has been reported to directly increase the duration of treatment, thereby increasing patient discomfort during treatment and possibly affecting the biological effects of the treatment \[[@CIT0023]\]. Christian *et al*. \[[@CIT0024]\] also compared 3D-CRT plans and IMRT plans with different beam arrangements. They used a series of three-, five-, seven- and nine-beam coplanar beam arrangements as well as one six-beam non-coplanar arrangement. All of the IMRT plans, except for the three-beam arrangement, improved the ratio of PTV coverage to lung FV20 values over the 3D-CRT plans; the nine-beam arrangement was best. However, the DVH of the best nine-beam IMRT plan showed an increase in the lung volume receiving low-dose radiation, when compared to the 3D-CRT plan \[[@CIT0024]\].

Many recent studies exploring automatic, beam-angle optimization have reported that the quality of IMRT plans can be maintained or even improved by optimizing beam direction and reducing the number of beams. Liu *et al*. \[[@CIT0025]\] designed and used an automatic, beam-angle optimization technique in 10 patients with NSCLC; they found that the quality of SPECT-5 was not inferior to that of SPECT-7 or SPECT-9. Taiki Magome *et al*. \[[@CIT0026]\] suggested that a computer-aided method for determination of beam arrangements based on similar cases in a radiotherapy treatment-planning database for stereotactic lung radiation therapy may provide usable beam arrangements, which have no statistically significant differences.

Soderstrom *et al*. \[[@CIT0027]\] suggested that improvement of the conformity of the target played a negative role in protecting normal tissues when more than nine beams were used for IMRT in patients with NSCLC. They recommend that fewer than nine beams be used for IMRT. McGuire *et al*. \[[@CIT0028]\] compared nine-beam CT, nine-beam SPECT and SPECT-4 plans in terms of parameters such as FV20 and FV30, in five patients with lung cancer who underwent lung perfusion SPECT and dynamic, fixed-field IMRT. The results showed that low doses delivered to the functional lung were reduced only in the case of the four-beam plan, which was advantageous for lung protection. This suggests that using fewer beams to plan IMRT for lung cancer may be beneficial for reducing both the acute and chronic complications of radiotherapy.

We analyzed the advantages of SPECT-guided IMRT in reducing the dose delivered to the functional lung and explored the effects of different beams on IMRT planned using SPECT lung perfusion. We found that FV20 and FV30 decreased by 26.02% ±15.45% and 14.41% ±16.66%, respectively, in the SPECT-7 plan as compared with the CT-7 plan. We also found that compared with the SPECT-7 and SPECT-5 plans, the SPECT-4 plan helped to minimize low-dose radiation to the normal lung and the MLD, whereas the SPECT-7 plan was superior to the SPECT-4 and SPECT-5 plans in terms of minimizing high-dose radiation to the normal lung and improving CI and HI. The radiation doses to other vital organs near the lung did not significantly differ between plans. The mechanism underlying radiation-induced pneumonitis is not fully understood, but evidence shows that the acute effects are caused by the delivery of low doses to a large lung volume. Novakova-Jiresova *et al*. \[[@CIT0029]\] found in an animal model that the delivery of high radiation doses to small volumes is less damaging to overall lung function than the delivery of low doses to large volumes. Wang *et al*. \[[@CIT0030]\] found that patients in whom a relatively large lung volume had received a dose of 5 Gy developed pulmonary complications. Allen *et al*. \[[@CIT0031]\] also found that the FV5 value was an important factor in patients who developed pneumonitis after IMRT. Predictive modeling concurs with these clinical findings and suggests that low-dose radiation contributes to radiation pneumonitis. If the above hypothesis is correct, then the SPECT-4 plan may reduce the lung volume receiving low-dose radiation and, therefore, pulmonary complications, while providing satisfactory target coverage.

In conclusion, this study showed that the incorporation of SPECT images into IMRT planning may help reduce the amount of dose delivered to the functional lung. The use of SPECT-guided plans may reduce the incidence of pneumonitis by reducing the volume of the functional lung receiving doses of at least 20 or 30 Gy. The number of radiation beams influenced the dose distribution to the lung cancer during IMRT. Reduction in the number of beams helped reduce the MLD and the incidence of radiation pneumonitis, whereas increase in the number of beams improved the CI without reducing the radiation dose to normal tissue. Therefore, each of these beam arrangements should be considered to plan the optimal IMRT in clinical practice. Further studies with a greater number of patients are required, since the variability between patient anatomy and functional lung maps is a considerable factor in SPECT-guided treatment planning.
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